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Abstract

The toxigenic Escherichia coli O157:H7 bacterium has been connected with hemorrhagic colitis and hemolytic uremic syndrome, which may
be characterized by diarrhea, kidney failure and death. On average, O157:H7 causes 73,000 illnesses, 2100 hospitalizations and 60 deaths annually
in the United States alone. There is the need for sensors capable of rapidly detecting dangerous microbes in food and water supplies to limit
the exposure of human and animal populations. Previous work by the authors used shear horizontal surface acoustic wave (SH SAW) devices
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abricated on langasite (LGS) Euler angles (0◦, 22◦, 90◦) to successfully detect macromolecular protein assemblies. The devices also demonstrated
avorable temperature stability, biocompatibility and low attenuation in liquid environments, suggesting their applicability to bacterial detection. In
his paper, a biosensor test setup utilizing a small volume fluid injection system, stable temperature control and high frequency phase measurement
as applied to validate LGS SH SAW biosensors for bacterial detection. The LGS SH SAW delay lines were fabricated and derivatized with
rabbit polyclonal IgG antibody, which selectively binds to E. coli O157:H7, in this case a non-toxigenic test strain. To quantify the effect of

on-specific binding (negative control), an antibody directed against the trinitrophenyl hapten (TNP) was used as a binding layer. Test E. coli
acteria were cultured, fixed with formaldehyde, stained with cell-permeant nucleic acid stain, suspended in phosphate buffered saline and applied
o the antibody-coated sensing surfaces. The biosensor transmission coefficient phase was monitored using a network analyzer. Phase responses of
bout 14◦ were measured for the E. coli detection, as compared to 2◦ due to non-specific anti-TNP binding. A 30:1 preference for E. coli binding
o the anti-O157:H7 layer when compared to the anti-TNP layer was observed with fluorescence microscopy, thus confirming the selectivity of the
ntibody surface to E. coli.

2005 Elsevier B.V. All rights reserved.
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. Introduction

Dissemination of harmful bacteria in food or water sup-
lies as a result of accidents, pollution or terrorist activity
an produce serious consequences in the form of economic
osses and human suffering. Sensitive and selective sensors capa-
le of rapidly and accurately detecting minute quantities of
athogens are urgently required. The need for real-time detec-
ion of biological and biochemical analytes is a major driving
orce behind the development of novel biosensor technology
Drell and Sofaer, 1999; Gizeli and Lowe, 2002; Su and Yanbin,
004).

∗ Corresponding author. Tel.: +1 207 5812384; fax: +1 207 5814531.
E-mail address: mdacunha@eece.maine.edu (M. Pereira da Cunha).

A pathogenic strain of the normally benign E. coli bacterium
is the target of this work. The O157:H7 Escherichia coli (E. coli)
bacterium has been linked to hemorrhagic colitis and hemolytic
uremic syndrome (Rangel et al., 2005). These illnesses may
cause diarrhea, kidney failure, seizure, stroke and death. Illness
due to E. coli is often misdiagnosed and commonly results in
invasive and expensive medical tests before it is correctly diag-
nosed. Primary sources for exposure to O157:H7 are ground
beef, unpasteurized milk, fruit, vegetables and unchlorinated
water (Rangel et al., 2005).

Traditional methods in use for detection of E. coli involve
standard clinical microbiological assays which are character-
ized by long incubation times on the order of 24–72 h (Baron
and Finegold, 1990; Ivnitski et al., 1999). These methods gen-
erally entail sample collection and incubation at a local health-
care facility followed by transfer of the prepared sample to a

956-5663/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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centralized laboratory where apparatus and expertise for per-
forming such tests have been concentrated. Tests for identifica-
tion of pathogens often employ visual inspection with optical
microscopy, flow cytometry, redox reactions, ultrasound tech-
niques, gas phase chromatography, infrared spectroscopy and
polymerase chain reaction (Ivnitski et al., 1999).

More recently biosensor techniques have been explored for
microbial detection, in particular for use in the detection of
pathogenic bacteria. Both indirect methods, which use labels or
indirect methods as sensing mechanisms, and direct methods,
which directly detect the target measurands, are under intense
research and development (Ivnitski et al., 1999; Abdel-Hamid
et al., 1999; Ruan et al., 2003). For instance, indirect methods
are those which rely on the use of fluorescence labels, microbial
metabolism, magnetoelastic immunosensors and electrochem-
ical immunodetection. Examples of direct methods are: opti-
cal detection, bioluminescence, impedance measurement and
acoustic wave detection for direct measurement of a physical
property change due to an analyte (Ivnitski et al., 1999; Gizeli
and Lowe, 2002). While indirect methods provide good sen-
sitivity, direct methods are an alternative to indirect methods,
which allow label-free detection of cells and tissues and there-
fore decrease the measurement complexity.

Examples of acoustic wave bacterial sensor platforms
mentioned in the literature involve the use of commercially
available quartz crystal microbalance (QCM) devices, which
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2002; Su and Yanbin, 2004). In flow-through experiments, bac-
teria in a buffer solution are allowed to flow over the sensing
surface. In the dip-and-dry tests, the detecting surface is dried
after it has been exposed to the bacteria. By allowing attached
bacteria to dry onto the sensing surface, mechanical coupling
between the sensor and the analyte bacteria is increased, which
is advantageous in increasing the device’s sensitivity. Finally, in
immersion tests, the entire sensor device is immersed in a buffer
solution to establish a baseline response, followed by submer-
sion in the suspension of the target analyte bacteria.

SH SAW devices using quartz (Howe and Geoffrey, 2000) and
pseudo-SAW (PSAW) devices using LiTaO3 (Su and Yanbin,
2004) have been employed as immunosensors for bacterial
detection. The SH SAW mode on quartz suffers from low elec-
tromechanical coupling coefficients, high penetration depth, and
low dielectric permittivity with respect to the liquid media. The
PSAW mode on LiTaO3 suffers from extra attenuation in liq-
uids due to the intrinsic associated vertical particle displacement
component, and the attenuation of the acoustic wave due to the
excitation of the BAW mode into the bulk of the crystal.

The langasite family of crystals (LGX), which includes lang-
asite (LGS, La3Ga5SiO14), langanite (LGN, La3Ga5.5Nb0.5O14)
and langatate (LGT, La3Ga5.5Ta0.5O14), has been suggested
as a possible alternative for SAW devices operating in liquids
(Pereira da Cunha et al., 2002). Among the promising charac-
teristics of these crystals applicable to liquid sensing, one can
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perate based on bulk acoustic wave resonation between smooth
urfaces of a thin, piezoelectric, quartz wafer (Suleiman and
uilbault, 1994; Ivnitski et al., 1999; Deisingh and Thompson,
002; Su and Yanbin, 2004). The thickness shear mode (TSM)
n AT cut quartz is utilized in most QCM biosensors for mass
etection, due to the low attenuation the mode exhibits in the
resence of liquids.

Surface acoustic wave (SAW) devices are an alternative
coustic wave platform to the QCM, with the possibility of
ntegration into array systems due to miniaturization, and poten-
ial increased sensitivity due to the surface guided nature of
he wave and a higher operating frequency (Ballantine et al.,
997; Freudenberg et al., 2001; Gizeli and Lowe, 2002). These
evices can be fabricated inexpensively in large quantities, uti-
izing single-step photolithographic processes, widely used in
he semiconductor industry. The SAW devices can be config-
red as resonators or delay lines, with the maximum operating
requency constrained by the minimum achievable line-width
f the photolithographic process, given a SAW velocity for a
pecific material and propagation direction.

For a SAW device to operate as a biosensor platform in liq-
id phase, the shear horizontal (SH) SAW mode is selected.
ayleigh or general polarized SAW modes excite longitudinal
aves in the liquid, which results in significant SAW device

osses (>40 dB), unusable in liquid media and therefore impracti-
al as a biosensor (Calabrese et al., 1987; Kondoh and Shiokawa,
993; Andle and Vetelino, 1995; Pereira da Cunha et al., 2002).

Three different techniques are listed in the literature for
he detection of bacteria using bulk and surface acous-
ic wave devices: flow-through, dip-and-dry and immersion
Cunningham, 1998; Ivnitski et al., 1999; Gizeli and Lowe,
ist: (i) the existence of pure SH guided SAW modes along Euler
ngles (0◦, θ, 90◦); (ii) a shallow acoustic penetration depth, in
hich most of the energy in the wave is concentrated at the sur-

ace, thus favoring sensitive SH SAW sensor response; (iii) the
xistence of SH SAW orientations with electromechanical cou-
ling up to 10 times higher than the equivalent SH SAW 35.8◦-Y
otated quartz, along Euler angles (0◦, −54.2◦, 90◦); (iv) the
ccurrence of zero temperature coefficient of delay (TCD) for
he SH SAW modes; (v) high values of dielectric permittivity,
urther confining the electrical fields in the piezoelectric crys-
al and thus improving transduction of the wave in the presence
f high dielectric media such as water and (vi) a low SH SAW
hase velocity, 50% below that of 35.8◦ Y rotated quartz, which
avors smaller sensors.

Experimental SH SAW devices have been designed, fabri-
ated, and tested along LGT and LGS orientations in (Pereira da
unha et al., 2002) and (Berkenpas et al., 2004), verifying the
roperties previously listed and the suitability of LGS for oper-
tion in liquids. LGS operation along the propagation direction
uler angles (0◦, 22◦, 90◦) presents (Berkenpas et al., 2004):

1) relatively strong piezoelectric coupling (0.4%); (2) reduced
dditional attenuation (6 dB) due to liquid loading or lossy mate-
ial, such as liquid chamber rubber, at the surface; (3) reduced
emperature dependence, with zero temperature coefficient of
requency (TCF) or turn over temperature identified at 20 ◦C,
nd a fractional frequency variation, �f/fo, of 2.5 ppm over 5 ◦C
round the turn over temperature and (4) suitability for bio-
ogical detection, indicated by the fabricated and flow-through
ested LGS SH SAW devices, which produced measurable trans-

ission phase variations due to antibody binding on the sensor
urface.
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This paper reports the original and successful use of the SH
SAW mode on LGS as a bacteria sensor. The design, fabrication
and testing of an LGS SH SAW delay line applied to E. coli bac-
terial detection is discussed, including the biofilm fabrication,
the testing chamber, and test set up implemented. Immobilized
antibodies (anti-O157:H7) have been used as sensing layers.
The selective adhesion of E. coli to the anti-O157:H7 recep-
tor surface was verified by exposing selective (anti-O157:H7)
and non-selective surface control surface (anti-trinitrophenol,
or anti-TNP) to fluorescently labeled E. coli to allow a compar-
ison between the numbers of bound bacteria. Langasite delay
line platforms designed and fabricated along the propagation
direction Euler angles (0◦, 22◦, 90◦) have been tested using
both flow-through and dip-and-dry detection techniques. The
tests performed with a dip-and-dry technique show a consis-
tent sensor response to E. coli detection of about 14◦ variation
in the phase of the transmission coefficient, ∠S21, whereas the
tests with the flow-through method indicate reduced 0.7◦ varia-
tion of ∠S21. This result is discussed in light of the penetration
depth of shear particle displacement inside the liquid media. A
successful methodology for surface preparation of gold metal-
ized LGS substrates for the detection of E. coli using LGS SH
SAW devices has been achieved, as verified by the repetitive and
consistent LGS SH SAW tests reported in this work. Section 2
describes the fabrication of the SH SAW device; the assembly of
the biological sensing layer; the implementation of the test set
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the antibody immobilization layer was assembled. The metallic
layer in the delay path also served to electrically shield the SH
SAW from unwanted variations in liquid conductivity. Each IDT
consists of 240 electrodes, arranged in split-finger configura-
tion to minimize overall transducer reflection; with an electrode
width of 4 �m; metalization ratio 0.5; thus IDT periodicity of
32 �m and acoustic aperture equal to 1600 �m. To additionally
limit interference due to acoustic reflections from the border
of the device, the die edges were angled, as represented in
Fig. 1.

2.2. Assembly and tests of the biolochemical sensing layer

An antibody (anti-O157:H7 or anti-E. coli) layer assembly
was used in this work for specific bacterial adhesion to the
LGS SH SAW sensor delay. Mercaptoethylamine (cysteamine)
diluted in ethanol was initially applied to a gold sensing surface
for 12 h at 10 ◦C to produce an amine monolayer. The surface
was then rinsed sequentially with ethanol and water, and then
dried with argon. In the next step, the surface was exposed to
N-hydroxysuccinide poly(ethylene glycol)-5000 biotin (NHS-
PEG-biotin, PT-11D-34 Etkar) in phosphate buffered saline
(PBS). NHS-PEG-biotin was then reacted with free amine
groups on to the cysteamine surface, and the surface rinsed with
10 mM glycine. In order to fill free binding sites, thus blocking
non-specific binding of subsequent molecular components, the
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p; and the methodology used to verify the LGS SH SAW bacte-
ial immunosensor operation. Section 3 presents and discusses
he results obtained. Section 4 concludes the paper.

. Materials and methods

.1. Fabrication of the SH SAW LGS devices

The LGS SH SAW bacterial immunosensor delay lines
Fig. 1) designed and fabricated in this work along propagation
irection Euler Angles (0◦, 22◦, 90◦) used gold thin film as elec-
rodes for SH SAW excitation and as a platform for the assembly
f the protein immobilization layer. The metallic layer con-
isted of a 600 Å sputtered layer of gold (Au) on top of a 100 Å
hromium (Cr) adhesion layer. It should be noted that the gold
lm was found to have excellent adhesion to the LGS substrate.
o delamination of the gold film was observed during fabrica-

ion or testing. Conventional microelectronic photolithographic
nd wet-etch techniques were employed to pattern the interdigi-
al transducers (IDTs) and the gold platform region upon which

Fig. 1. A diagram of the LGS SH SAW sensor.
urface was rinsed with bovine serum albumin (BSA) in PBS.
eutrAvidinTM was bound to biotin groups attached to the sen-

or surface. A biotinylated polyclonal rabbit immunoglobulin
(IgG) antibody directed against E. coli was then attached to

urface bound NeutrAvidinTM, followed by a BSA buffer rinse
o yield the completed antibody sensing layer.

An enzyme-linked immunosorbent assay (ELISA) method
as employed to verify the correct assembly of the protein layer

Molecular Probes, 2003). Gold layered surfaces on glass slides
ere prepared with rabbit IgG antibodies following the proce-
ure previously described. Goat anti-rabbit IgG labeled with
orseradish peroxidase (HRP) were used to selectively attach
o surfaces containing rabbit IgG antibodies. Amplex Red and
ydrogen peroxide (H2O2) were added to the labeled surface.
he HRP enzyme catalyzes a reaction of Amplex Red and H2O2

nto resorufin, a detectable fluorescent product measured with
n A153600 Fusion Universal microplate reader (Perkin-Elmer,
nc., Wellesly, MA). Surfaces without NeutrAvidinTM and sur-
aces without NHS-PEG-biotin, NeutrAvidinTM, and rabbit anti-
157:H7 served as negative controls. Background flourescence
as determined by measuring resorufin fluorescence in Amplex
ed and H2O2 solution without HRP.

In order to verify the selective adhesion of E. coli to the
nti-O157:H7 receptor surface and to compare specific and non-
pecific binding, bacteria labeled with SYTO-9 nucleic acid stain
Molecular Probes, Inc., Eugene, OR) were applied to both an
nti-O157:H7 surface and to an anti-TNP control surface. In this
est, E. coli was streaked onto a nutrient agar plate and grown
vernight at 37 ◦C. A test tube of nutrient broth was inoculated
ith a single colony and incubated for 4 h in a G24 incubator-

haker (New Brunswick Scientific, Edison, NJ) at 37 ◦C and
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Fig. 2. Experiments to quantify adhesion and non-specific binding using gold
plated glass slides with anti-O157:H7 and anti-TNP (control slide) prepared
surfaces.

250 rpm. Growth was confirmed by observation of turbidity and
a 250 mL flask was inoculated with the culture and incubated
in a G24 incubator-shaker for 7 h. The nutrient broth contain-
ing live E. coli was centrifuged at 4100 × g for 40 min with an
AllegraTM 21R Centrifuge (Beckman Coulter, Fullerton, CA)
and resuspended four times in PBS. The rinsed E. coli were fixed
with formaldehyde, washed two times by centrifuge and resus-
pended in BSA PBS. Glass slides were magnetron-sputtered
with 100 Å of chromium and 2000 Å of gold. The gold surfaces
were prepared for anti-O157:H7 and anti-TNP (control slide)
as previously described. The slides were then immersed in a
500 mL beaker filled with E. coli (∼109 cells/mL) in PBS BSA
for gently stirred with a magnetic stir bar for 5 h (Fig. 2). The
slides were transferred to a rinse beaker, where loosely bound
bacteria were allowed to disassociate from the surface for 5 h.
The slides were then removed from the water, allowed to dry
for 2 h, and imaged by fluorescence microscopy with a cooled
CCD camera (Spot-2, Diagnostic Instruments, Sterling Heights,
MI) on a BX51 fluorescence microscope (Olympus). Finally,

a cell counting algorithm (Metamorph v6.2r4, Universal Imag-
ing Corp., Downingtown, PA) was utilized to compare selective
binding E. coli to the anti-O157:H7 slide versus non-selective
binding to the anti-TNP slide as visualized in the digital images.

2.3. Measurement setup and test procedure for E. coli
flow-through experiments

Fig. 3 shows the experimental setup for flow-through tests
of LGS SH SAW sensors in fluids. LabVIEWTM 6i platform
(National Instruments Corp., Austin, TX) installed in a personal
computer was used to control a syringe pump, a control valve
and an HP 4195A network analyzer. The computer controlled
Micro4TM syringe pump (World Precision Instruments, Inc.,
Sarasota, FL) dispensed fluids at regulated flow rates through
150 �m inside diameter capillary tubing to a V-445 actuated,
low dead volume rotary valve (Upchurch Scientific, Inc., Oak
Harbor, WA). The valve enabled purging of air bubbles from the
tubing. Stainless steel tubing coupled to the capillary tubing, was
modified to fit with a custom designed laser-cut plastic flow cell
(Grace Biolabs, Inc., Bend, OR) aligned over the LGS SH SAW
delay path. Fluids flowing through the chamber were channeled
via a second stainless steel insertion tube to a waste beaker.

Also shown in Fig. 3 is a CZ1 solid-state Peltier device (Tel-
lurex Corp., Traverse City, MI) used to control the LGS SH SAW
sensor temperature. The Peltier device is sandwiched between
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et up
Fig. 3. Experimental s
n aluminum thermal mass and a heat sink. The LGS SH SAW
ensor was mounted on the other side of the aluminum thermal
ass with double sided scotch tape (3M). An F3107 platinum

esistance temperature device (RTD, Omega Engineering Inc.,
amford, CT) in thermal contact with the LGS SH SAW sensor
rovided temperature feedback to a standard CNi series digital
emperature controller (Omega) used in conjunction with a spe-
ially designed driver circuit to supply the correct voltage and
urrent to the Peltier device. Temperature was maintained by
umping heat to and from the sensor to ambient air. The test
etup allowed consistent temperature control within ±0.1 ◦C

for flow-through tests.
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over a range of 10–35 ◦C. For all tests reported in this work
the temperature was set to 25 ◦C.

The LGS SH SAW sensor was wire bonded to a custom
designed copper clad printed circuit board containing 50�

microstrip transmission lines which were soldered to edge-
launch coaxial subminiature type-A (SMA) connectors (Paster-
nack Enterprises, Irvine, CA). The HP 4195A network analyzer
(Agilent Technologies, Inc., Palo Alto, CA) was connected to the
SMA connectors through RG58C/U 50� coaxial cables (Paster-
nack Enterprises, Irvine, CA). A custom LabVIEW routine was
written to record the magnitude and phase of the transmis-
sion coefficient (S21) sensor response at the fixed frequency of
92 MHz, in the neighborhood of the center frequency, as a func-
tion of time. The LabVIEW routine was also used to set and
record the LGS SH SAW sensor temperature via the tempera-
ture controller to control the syringe pump and to set the position
of the actuated valve.

The E. coli selective antibody layer was assembled on
the LGS SAW sensor delay-path as described in Section 2.2.
Glycine or BSA rinse steps were performed over the sensing
surface at 1.5 �L/s for 10 min. A solution of NHS-PEG-biotin
(10 �M) was flowed into the liquid flow-cell at 60 nL/s for 2 h.
NeutrAvidinTM (3 �M) and the biotinylated antibody (1.3 �M)
were each allowed to flow into the liquid flow-cell at 120 nL/s
for 1 h.

After the constituent molecules were applied to the sensing
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Fig. 4. Experimental set up for dip-and-dry tests.

sensor baseline was established for 1 h. NHS-PEG-biotin in PBS
was added to the well and allowed to react with the sensor surface
for another period of 1 h. Solutions were added and removed
from the fluid well in 30 �L increment repetitions using the
fluid pipetter. Glycine and BSA rinsing steps were performed
10 times. NeutrAvidinTM and the biotinylated antibody were
each allowed to bind in the well for 30 min.

The prepared E. coli bacteria suspended in BSA
(∼109 cells/mL) were applied to the well and allowed to settle
for 2 h under the coverslip. A final water rinse was performed
five times to remove loosely bound E. coli from the surface
and, at this point, the coverslip was not replaced, allowing the
surface to dry. A final dry-phase ∠S21 was established and mea-
sured. The ∠S21 variation between an initial dry state of the
LGS SH SAW sensor and a second dry state after the surface
was prepared established the sensor response for this method.
The devices were then unmounted and imaged with the micro-
scope to quantify the number of bacteria bound to the surface.

3. Results and discussion

3.1. Surface preparation and bacterial adhesion to
surfaces using antibodies

The ELISA procedure described in Section 2 was used to ver-
ify the correct assembly of the antibody protein layer on the sur-
f
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urface, PBS BSA was infused through the chamber for 2.5 h at
0 nL/s to establish a baseline for the transmission coefficient
hase,∠S21. E. coli suspensions (∼109 cells/mL) were prepared
s described in Section 2.2 and allowed to flow over the sensor
urface at 50 nL/s for 2.5 h. A stable ∠S21 response was estab-
ished by flowing water over the surface at 50 nL/s for 2.5 h. The
ensor response was then given by the ∠S21 change between the
aseline and the response after E. coli suspension passed through
he liquid flow-cell. The sensor was subsequently unmounted
nd imaged by fluorescence microscopy to quantify bacterial
inding.

.4. Measurement setup and test procedure for E. coli
dip-and-dry” experiments

Fig. 4 depicts the experimental setup used in this work
or the dip-and-dry method of detecting bacteria. As in the
reviously described flow-through test setup, the personal
omputer-based LabVIEWTM 6i platform was used to control
emperature and the network analyzer. All measurements were
erformed at 25 ◦C. Temperature control, network analyzer and
ata acquisition procedures were identical to those used in the
ow-through tests.

Solutions containing analytes were dispensed into a 2 mm
iameter silicone rubber fluid well aligned over the delaypath
f the SAW sensing area using a volume-calibrated dispensing
ipetter (Thermo Electron Corp., San Jose, CA). Placement of a
icroscope coverslip over the rubber sensing well limited evap-

ration.
The same antibody layer assembly described in Section 2.2

as used for the dip-and-dry experiments. The initial dry phase
ace of the gold-coated microscope slides. Two types of negative
ontrol surfaces were tested, the first without NeutrAvidinTM

nd the second without NHS-PEG-biotin, NeutrAvidinTM and
abbit anti-O157:H7. These negative controls produced levels
f fluorescent product comparable to the background level, as
easured by the spontaneous reaction of Amplex Red with
2O2 in the absence HRP. When the background level is sub-

racted antibody-assembled surfaces generated relative fluores-
ence levels 24 times greater than that seen on negative control
urfaces, thus indicating the appropriate assembly of the sensing
ayer.

Anti-O157:H7 surfaces and anti-TNP control surfaces were
ssembled on gold-coated microscope slides according to the
rocedure described in Section 2, and used to verify selectivity
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Fig. 5. Aggregates of fluorescently labeled Escherichia coli bacteria: (left) surface coated with antibodies directed against E. coli O157:H7 and (right) antibodies
directed against TNP.

to E. coli bacteria. Fig. 5 shows images of fluorescently labeled
E. coli on antibody-immobilized gold slides and on an anti-TNP
control surface. The white dots on the image indicate aggregates
of 20 or more E. coli bacteria formed when the surfaces were
dried. Dark regions indicate areas of low binding. The Meta-
morph v6.2r4 image processing algorithm referred to in Section
2 was used to quantify the amount of specific and non-specific
binding on the respective surfaces. A 30 times greater density of
E. coli was bound to the anti-O157:H7 surface when compared
to the slide prepared with immobilized anti-TNP, indicating the
selectivity of the anti-O157:H7 layer assembly for E. coli detec-
tion.

3.2. SH SAW sensor response to bacteria in flow-through
testing

The tests reported in this section refer to the LGS SH SAW
flow-through test set up (Fig. 3). Fluorescence microscopy tests
on the SH SAW substrate indicated 10 times greater E. coli
bound onto the anti-O157:H7 surface with respect to the amount
of binding measured on anti-TNP prepared surfaces. This result
demonstrated that the antibody sensing surface was functioning
as predicted under constant flow conditions.

A baseline for the LGS SH SAW∠S21 response was measured
before the infusion of the E. coli suspension. The stable phase
response after the infusion E. coli was then compared to the
i
e
o
o
o
n

The low response in liquids is most likely due to low mechan-
ical coupling between the bacteria and the sensing surface. The
viscous decay length, δ, (Ballantine et al., 1997; Gizeli and
Lowe, 2002) is used to represent the depth in the liquid where
the shear wave fields of planar BAW incident to the surface
are attenuated to 1/e (37%) of their surface values. The viscous
decay length arises from fluidic equations governing laminar
flow over smooth surfaces (White, 1991) and is described by the
following expression (Ballantine et al., 1997; Gizeli and Lowe,
2002):

δ =
√

2η

ωρ
(1)

where η is the liquid viscosity, ω the angular frequency of
the sensor surface and ρ is the liquid density. If analytes exist
beyond the viscous decay length they will not effectively cou-
ple to the surface and the detection or sensing mechanism is
compromised.

In this particular experiment, (where η = 0.89 × 10−3 Pa s,
ω = 2π92 × 106 rad/s, and ρ = 997.04 kg/m3) the viscous decay
length into the liquid is approximately 560 Å. The E. coli
attached to the surface is estimated to be around 800 Å above
the surface, leaving it beyond the viscous decay length and com-
promising detection in flow-through testing.

3

s
p
w

nitial ∠S21 baseline, resulting in ∠S21 from 0.1 to 0.7◦ between
xperiments, which is comparable to the 0.3◦ typical ∠S21 drift
bserved during experiments. In addition, the ∠S21 responses
btained with the anti-O157:H7 surface were similar to those
btained with the anti-TNP control surfaces, which indicated
egligible response to E. coli in liquids.
.3. SAW response to bacteria in dip-and-dry testing

A raw data phase curve versus time for six dip-and-dry tests is
hown in Fig. 6. The solid curves show tests using anti-O157:H7
repared surfaces. The dashed curves show experiments done
ith the anti-TNP negative control surface. An initial relative
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Fig. 6. LGS SH SAW sensor ∠S21 response vs. time for multiple experiments.
The solid lines indicate three experiments with E. coli and an anti-O157:H7
surface. The dashed lines indicate three experiments with E. coli and an anti-
TNP surface.

phase baseline of 0◦ is established and at 60 min NHS-PEG-
biotin is applied, causing an 8–11◦ increase in ∠S21 over the dry
surface. The phase remained between 5 and 10◦ above dry base-
line for the next 350 min, during which time NeutrAvidinTM,
biotinylated anti-O157:H7 or biotinylated anti-TNP, and E. coli
bacteria were applied to the fluid well. Phase variations over
this time period were spurious and most likely caused by bub-
ble formation, temperature variations and pressure variations on
the surface, which resulted from the application and removal of
solutions to the fluid well, as well as slow evaporation under the
microscope coverslip. At between 400 and 500 min the phase
decreased after the fluid well was rinsed five times with water
and removed, allowing the surface to dry. Drying time varied
between 20 and 70 min due to the variation in the amount in
liquid left in the fluid well after the water rinse. The device
response in this experiment consisted of two steps: first the bac-
teria were allowed to interact with the surface for about 2.5 h,
and second, the fluid was allowed to dry, as previously indicated.
This work did not focus on the optimization of the dip-and-dry
method response time, which should be addressed in a future
effort. Decrease in phase indicates a decrease in SH SAW veloc-
ity. Dried E. coli, bound to the sensing region, increases surface
mass and slows the SH SAW wave, creating a downward phase
shift.

In all experiments, ∠S21 was observed to increase slightly
after an initial drop, and as E. coli further dried onto the sensor
s
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r

Numerical calculations using Adler’s matrix method (Adler,
1994) and experimental results for mass and viscosity sensitivity
recently reported (Berkenpas et al., in press) show that the mass
and viscosity sensitivity of the device under liquid operation
to be about −2550 (ppm m2/g) and −8.61 ppm/(mPa s), respec-
tively. These numbers are comparable to the pseudo SAW mode
on LiTaO3, a crystal that has been recently used in SAW biosen-
sor research (Kondoh and Shiokawa, 1993). The estimated sen-
sitivity for the LGS SH SAW biosensor results reported in this
paper is 10◦ for 109 E. coli bacteria/ml, assuming an approx-
imated linear response. Based on a measured ∠S21 noise of
0.05◦, the limit of detection (LOD) can be approximated at
∼106 cells/ml, which is comparable to LODs of acoustic wave
sensors found in literature (Huramatsu et al., 1986; Ivnitski et
al., 1999; Pathirana et al., 2000; Su and Yanbin, 2004). Future
work on the LGS SH SAW biosensor shall aim at improving the
sensitivity of the device by optimizing both bioreceptive layer
and the LGS SH SAW platform modeling and design.

4. Conclusions

LGS SH SAW biosensors were designed, fabricated and
tested. Surface chemistry and selective binding of bacteria was
verified. Two experimental methods were used: a liquid phase
flow-through method and a dip-and-dry method. The flow-
t ◦
∠
c
v

b
l
w
e
∠
1
s
L
d
d
O

A

S
D

R

A

A

A

urface. This observation is thought to be due to E. coli dehydra-
ion at a slower rate than liquid evaporation at the surface. The
. coli dehydration decreases their mass, therefore decreasing

he overall mass at the sensor surface, causing a slight recov-
ry of the phase response. The suggested explanation for the
S21 response seems to be confirmed by the larger phase varia-

ions observed when larger amounts of surface bound E. coli are
resent. Fig. 6 shows that a consistent phase difference, larger
han 10◦, has been measured between the selective anti-O157:H7
esponse and the non-selective anti-TNP response.
hrough method produced reduced (0.1–0.7 ) variation in the
S21 response, credited to the relatively large distance of the E.

oli from the sensitive LGS SH SAW surface with respect to the
iscous decay length.

For the dip-and-dry method, where the E. coli was selectively
ound and then dried onto the surface of the LGS SH SAW delay
ine, a significant and measurable variation of the ∠S21 response
as produced (13.5–15.5◦). The same measurement for E. coli

xposed to anti-TNP prepared surfaces resulted in variations of
S21 between 0 and 3◦, indicating a phase difference larger than
0◦ between the selective anti-O157:H7 response and the non-
elective anti-TNP response. This significant and reproducible
GS SH SAW sensor response confirmed the viability of the
evice as a selective E. coli detector, with potential for further
evelopment into an inexpensive portable detector for E. coli
157:H7.
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